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Implication for health policy/practice/research/medical education: {#imp1}
==================================================================

The worldwide long-term experience of clinical use of metformin and the growing knowledge about its mechanisms of action have, however, reversed this reputation to the point that nowadays it is not only considered as relatively harmless but even increasingly as a cellular protector.

Introduction {#s1}
============

Since its launching in 1957 metformin has been the subject of several thousands of preclinical and clinical reports which have finally evidenced its pleiotropic properties, largely contrasting with its clinical use essentially limited to first line type 2 diabetes therapy until today. However, looking back to this broad literature, this was not unexpected: in the early 70's one could already find clear-cut reports showing that biguanides in general (of which almost only metformin has survived) exert many different effects on cellular systems ([@R1]). Without doubt, the main reason for this monolithic application as the fear of lactic acidosis, which has indeed been found in patients with renal insufficiency (although mainly using phenformin and buformin). Due to favorable circumstances metformin could fortunately escape the ban of this chemical class, although it was for long time considered to be a dangerous drug. It is only after 3-4 decades that its long-term, world-wide clinical use raised some concerns about reality of life-threatening drug effects in patients with low renal clearance and, since such situations were accompanied by high plasma drug levels, the correlation was likely established between those two parameters. Here and now, however, some casual reports suggest that, in contrast to the common belief, sometimes patients may have survived thanks to the drug ([@R2]). Clearly this is not denying the occurrence of fatal cases of lactic acidosis with metformin, rather it raises concerns about the incidence of the claimed direct relationship. Just recently it was proposed that some patients might be hyposensitive toward metformin, in contrast to other, hypersensitive ones ([@R3]).

The present review, therefore, will present recent accumulating data showing that indeed metformin can protect cells from death in various cell types and pathological situations, some of which appear quite spectacular.

Metformin and the kidney {#s2}
========================

In view of the long-lasting debate about renal insufficiency and possible metformin harmfulness, we will start with this topic. Here, however, we will only briefly summarize the actual state of knowledge since excellent reviews on this subject have recently been published in this journal ([@R4]) as well as in a series of papers by Lalau ([@R5],[@R6]).

1. Renal insufficiency/lactic acidosis {#s2-1}
--------------------------------------

When renal clearance is hampered, drug elimination is decreased, leading to its plasma and organ accumulation. Various pharmacokinetic investigations as well as case reports of patients with lactic acidosis suggested that metformin builds up a so-called "reservoir" which, although not firmly established, is located in the intestinal wall and possibly in erythrocytes. Although metformin does not increase lactate production in the latter cell type (no mitochondria present) it amounts to concentrations reaching 10 mM in some layer of the intestinal wall ([@R7]). Lactate is easily produced by intestine (one of its physiological roles) and cleared by the portal vein to reach to liver and then the blood stream. Liver, as well as other organs such as the heart, is one main organ clearing lactate from blood, notably using it as a precursor of gluconeogenesis. Hepatocytes are equipped with lactate transporters and some pathological situations do interfere with the liver's capacity to normally clear lactate from the portal vein, one of which is a reduction in hepatic blood flow which may happen in shock situations. In addition metformin at high concentrations such as measured in the portal vein can inhibit lactate transport by the hepatocytes. It is therefore likely that in severe clinical conditions hepatic lactate clearance will be hampered by the simultaneous operation of both the above mentioned factors. This was indeed verified in experimental conditions ([@R8]) and in clinical dossiers of lactic acidosis cases (Wiernsperger, unpublished observations).

In his extensive analysis of many reported cases of lactic acidosis seemingly associated with metformin, Lalau came to the conclusion that renal insufficiency was generally not harmful for patients, a conclusion also reached in recent meta-analysis ([@R9]). Other analyses suggest that various critical factors can lead to lactic acidosis even in the absence of chronic renal failure ([@R10]). We suggest therefore that mainly the combination of renal and other organ failures, notably hepatic insufficiency, may lead to possibly lethal lactic acid levels. Even then, however, the presence of metformin is not necessarily linked to fatal outcome since even rescues attributed to metformin have been claimed ([@R2]). The various mechanisms reported for cellular protection by metformin (see later) fully support this notion.

2. Renal cell protection by metformin {#s2-2}
-------------------------------------

Data on possible protection of kidney function by metformin are logically scarce since the drug was claimed to be nephrotoxic. However, recent advances showed that metformin is indeed able to protect the kidney from various injuries, as is reported in other organs. In vivo metformin improves the biochemical changes generated by diabetes in rat kidneys ([@R11]); in cultured mouse podocytes the drug reduced NAD (P)H oxidase activity, increased AMPK and extracellular ATP and finally stimulated P2 purinergic receptors ([@R12]). AMPK activation was reported to protect proximal tubular cells submitted to various forms of stress-induced apoptosis; this occurred together with stimulation for the Akt pathway, while ATP changes were not causally involved ([@R13]). Chronic treatment of diabetic rats with metformin, although only mildly reducing hyperglycemia, opposed to the renal lesions in particular the podocyte loss ([@R14]). Here again the protective drug effect was attributed to inhibition of oxidative stress. Pre-activation of AMPK by metformin also improved post-ischemic recovery of the kidney epithelial cells ([@R15]).

In tubular epithelial cells, but not in mesangial cells, metformin inhibited the unfolded protein response in response to glucosamine and deoxyglucose ([@R16]). The effect appeared independent of AMPK activation, similar to the protection seen in human renal proximal tubular epithelial cells ([@R17]); in the latter experiment metformin appeared to reduce the hypoxia-inducible factor (HIF-1) accumulation.

The data show that even without a strong reduction of diabetic hyperglycemia, metformin has direct protective effects on various kidney cells, corroborating in vitro data in renal cultured cells. The mechanisms whereby the drug positively affects these cells appear to involve primarily inhibition of oxidative stress, activation of AMPK being observed but not necessarily involved.

Metformin and cardiovascular system {#s3}
===================================

Vascular protective effects of metformin are known since decades but were largely described in the past two decades. Many studies have demonstrated improvements in cellular and hemostatic parameters, both in diabetic and non-diabetic situations ([@R18]), thereby confirming the pleiotropic nature of this compound ([@R19]). In preclinical investigations the vasculo-protective drug effects were seen in doses generally well below those used to combat hyperglycemia. One should particularly mention unique effects of metformin on the microcirculation such as stimulation of arteriolar vasomotion, inhibition of permeability and leucocyte adhesion, all features explaining the remarkable post-ischemic improvement of microvascular blood flow permitting conservation of tissue integrity ([@R20]). The positive effects on microcirculation were also considered to mainly explain the better outcome of metformin-treated diabetic patients in the long-term UKPDS study ([@R21]). Interestingly the microvascular effects of metformin have been confirmed in human subjects presenting various degrees of prediabetic, normoglycemic conditions ([@R22]).

Improvements in limb circulation were described long time ago in patients with peripheral vascular diseases ([@R23]). More recently data provided demonstrations in the cardiology field: a very low dose, preventive administration of metformin remarkably reduced myocardial infarction in rodents ([@R24]) confirming data obtained in rabbits ([@R25]). Troponin 1 and creatine kinase were reduced after coronary intervention and 1 year later the frequency of cardiovascular events was 8% vs 28% ([@R26]). Chronic heart failure ([@R27]) and myocardial infarction ([@R28]) were reportedly improved by metformin. Another study reported no reduction in number of cardiovascular events but improved survival ([@R29]).

Metformin and cell death in various systems {#s4}
===========================================

In various cell types and under various experimental conditions metformin was shown to inhibit apoptosis. In conditions close to diabetes, metformin reduced programmed cell death in endothelial cells under hyperglycemic conditions ([@R30]-[@R32]), but also in the presence of advanced glycation endproducts in Schwann cells ([@R33]). The protection was as good as with cyclosporine A ([@R30]).

The inhibition of apoptosis by metformin has been described in many cell types and under most various conditions. Reduced cell death and ceramide synthesis as well as increased AMPK activity were reported in cardiomyocytes in presence of palmitic acid with metformin concentrations below 5 mM ([@R34]). Similar observations were made in hepatocytes added with bile acids ([@R35]) or saturated fatty acids ([@R36]), in neurons stressed by etoposide ([@R37]), in glial cells ([@R38]), in pancreatic islet with free fatty acids ([@R39],[@R40]). Metformin inhibited apoptosis in auditory cells with gentamicine or cisplatin ([@R41],[@R42]), and this property received confirmation in vivo in irradiated guinea-pigs ([@R43]).

Metformin and senescence {#s5}
========================

It should be mentioned here that in recent years several (but not all) reports mentioned that metformin had life-prolonging effects similar to caloric restriction ([@R44]) in primitive worms and some rat strains ([@R45]-[@R48]). Mechanistic investigations suggest that inhibition of mTOR may be responsible since this appears to be a critical target in aging ([@R49]). These data are still preliminary but look promising.

Metformin and cancer cell apoptosis {#s6}
===================================

Based on newly discovered mechanisms of metformin action, its potential benefit in cancer has generated plenty of publications over the past years. Many encouraging data are reported, although the clinical results still await confirmation ([@R50]). Interestingly metformin, in contrast to non-cancer cells, seems to be capable of pro-apoptotic behavior in cancer cells: positive reports exist for a number of different cancer cell types, for example breast cells ([@R51]), renal A498 cells ([@R52]), esophageal squamous cells ([@R53]), hepatoma cells ([@R54]) and others ([@R55]). High, pharmacological doses of metformin can also induce apoptosis in normal cells ([@R34],[@R56]-[@R58]). Thus caution should be given to the interpretation of experimental in vitro data mostly using supra-normal irrelevant metformin concentrations.

Mechanisms of metformin cellular protection {#s7}
===========================================

Not surprisingly when considering the pleiotropic effects of metformin, many different mechanisms to explain the protection afforded by metformin have been proposed. Although not the aim of this article, some of which are listed below for reader's information. Two main ones are reduction of oxidative stress and stimulation of AMPK. Metformin has been shown to reduce oxidative stress in many experimental and clinical conditions. One mechanism for reducing oxidative stress is a partial inhibition of mitochondrial complex I ([@R59]-[@R61]) and inhibition of PTP opening ([@R62],[@R63]). While repeatedly found, however, this mechanism has not been confirmed in human diabetics ([@R64]). Moreover other measurements have also shown that mitochondrial energy production was increased by metformin ([@R65],[@R66]). AMPK activation has frequently been claimed to be responsible for the large diversity of biological effects reported with metformin. However there are many reports of increased AMPK activity by metformin without direct causal involvement in the observed effects. Clearly AMPK activation is not the sole mechanism of action of metformin ([@R67]). Stimulation of the PI3-Akt pathway seems also important ([@R35]). Here again, the experimental conditions (model, drug dose) must be considered as a key determinant of obtained results, a characteristic which is reflected in the often apparently paradoxical results published such as seen for AMPK, PARP or apoptosis as such.

Among many other mechanisms involved (but not necessarily causally), reduction of the endoplasmic reticulum stress has been claimed to be a target of metformin but this hypothesis needs more evidence ([@R68]). Diminution of glycation, either by direct quenching ([@R69],[@R70]) or reduction of RAGE receptors ([@R71]) can partly explain improvements under hyperglycemic conditions.

Conclusion {#s8}
==========

In sharp contrast with the ancient belief that biguanides were toxic, including a limited toxicity for the specific drug metformin, the clinical experience and the biocellular researches performed over the last two decades have provided a complete "renaissance" of this antidiabetic compound. Indeed, the literature now weekly issues new publications showing demonstration or strong evidence for multiple protective effects of metformin, the most suggestive -- but still to be proved -- being some forms of cancer. This is typical for so-called pleiotropic compounds and for metformin the likely explanation is a stabilization of membrane structure and fluidity ([@R72]). In its traditional clinical application in diabetes studies have shown that the metformin-associated risk of lactic acidosis is clearly far below what was thought, although not denying its existence. Comorbidities, however, seem generally involved in these few cases. In recent years suggestions even appear to lessen the restrictions applied to metformin use ([@R73],[@R74]). Growing evidence is found for positive effects of metformin in the cardiovascular area, notably chronic heart failure and myocardial infarction. These human data are to be expected on the basis of the unique vascular pharmacological properties of the drug. However, looking at the direct cellular level it is recognized that metformin protects various cell types against death (in particular apoptosis) induced by various insults. On the contrary it looks like it might favor apoptosis in cancer cells. A lot is clearly still to be found with this old but still largely ignored compound.

Footnote {#s9}
========

The literature about metformin is extremely abundant (several thousand articles). The present article is conceived as a mini-review, accordingly the bibliography is to be looked at as a minimal referring to main notions about the topic of the paper.
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